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Vps1 in the late endosome-to-vacuole traffic
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Vacuolar protein sorting 1 (Vps1), the yeast homolog to human dynamin, is a GTP hydrolyzing protein, which plays
an important role in protein sorting and targeting between the Golgi and late endosomal compartments. In this study,
we assessed the functional significance of Vps1 in the membrane traffic towards the vacuole. We show here that
vps1Δ cells accumulated FM4-64 to a greater extent than wild-type (WT) cells, suggesting slower endocytic
degradation traffic toward the vacuole. In addition, we observed that two endosome-to-vacuole traffic markers,
DsRed-FYVE and Ste2-GFP, were highly accumulated in Vps1-deficient cells, further supporting Vps1’s implication
in efficient trafficking of endocytosed materials to the vacuole. Noteworthy, a simultaneous imaging analysis in
conjunction with FM4-64 pulse-chase experiment further revealed that Vps1 plays a role in late endosome to the
vacuole transport. Consistently, our subcellular localization analysis showed that Vps1 is present at the late endosome.
The hyperaccumulation of endosomal intermediates in the vps1 mutant cells appears to be caused by the disruption of
integrity of HOPS tethering complexes, manifested by mislocalization of Vps39 to the cytoplasm. Finally, we
postulate that Vps1 functions together with the Endosomal Sorting Complex Required for Transport (ESCRT)
complex at the late endosomal compartments, based on the observation that the double mutants, in which VPS1
along with singular ESCRT I, II and III genes have been disrupted, exhibited synthetic lethality. Together, we propose
that Vps1 is required for correct and efficient trafficking from the late endosomal compartments to the vacuole.
[Hayden J, Williams M, Granich A, Ahn H, Tenay B, Lukehart J, Highfill C, Dobard S and Kim K 2013 Vps1 in the late endosome-to-vacuole
traffic. J. Biosci. 38 73–83] DOI 10.1007/s12038-012-9295-2
1. Introduction
Vacuolar protein sorting 1 (Vps1), first discovered by Rothman
and Stevens in 1986 (Rothman and Stevens 1986), encodes an
80 kDa GTPase that is considered to be a yeast homolog of
the mammalian dynamin (Conibear and Stevens 1995).
Dynamin is a multi-domain GTPase protein that has been
shown to be involved in endocytic processes at the plasma
membrane (Wiejak and Wyroba 2002). Dynamin has also
been implicated in vesicle formation at the trans-Golgi net-
work (Praefcke and McMahon 2004). Vps1 and dynamin
share 45% similarity in their sequences and also have similar
structures (Obar et al. 1990). Dynamin is composed of five
functionally different domains: the GTPase domain, the
middle domain, the pleckstrin homology domain (PH), the
GTPase effector domain (GED) and the C-terminal
proline-rich domain (PRD) (Ramachandran 2011). How-
ever, Vps1 consist of only the N-terminal GTPase domain,
the middle domain and the GED domain (Vater et al. 1992;
Yu and Cai 2004).
Vps1 has been implicated in several intracellular mem-
brane fission events at the vacuole, Golgi and peroxisomal
systems (Hoepfner et al. 2001; Nothwehr et al. 1995; Peters
et al. 2004). Vps1’s vacuolar protein sorting function was
first discovered while screening for yeast mutants that failed
to properly deliver carboxypeptidase Y (CPY) and protein-
ase A to the vacuole (Rothman and Stevens 1986). CPY is
synthesized in the endoplasmic reticulum (ER) and normally
delivered to the vacuole via the Golgi and late endosome/
prevacuolar compartment (Conibear and Stevens 1995).
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However, without Vps1, CPY is diverted to the outside of
the cell via an intact secretory pathway (Rothman and
Stevens 1986). In addition, cells deficient of Vps1 missort
Golgi membrane proteins, such as Kex2, which normally
shuttles between the late endosome/PVC and the late Golgi.
In vps1Δ cells, Kex2 proteins are rerouted to the plasma
membrane where they reach the vacuole only after being
endocytosed (Nothwehr et al. 1995). This process is only
feasible if the secretory protein, Sec4, and the endocytic
protein, End4, are present (Nothwehr et al. 1995).
Due to the fact that an earlier yeast mutation screening
analysis failed to find the significance of Vps1 in endocyto-
sis and that Kex2 was found at the vacuolar membrane in
vps1 mutant cells, it has been assumed that endocytosis and
the following post-endocytic traffic toward the vacuole in the
mutants are not affected. However, with the recent advance-
ment in live-cell imaging of endocytic events using fluores-
cence microscopy technology, groups of researchers have
shown that Vps1 plays an important role in endocytosis.
First, Yu and Cai (2004) showed that loss of Vps1 resulted
in a reduced efficiency in the internalization of the mem-
brane receptor Ste3. Second, vps1Δ cells often exhibited an
aberrant shape of endocytic invaginations, indicating that
Vps1 functions in facilitating membrane invagination, which
may lead to an effective scission of the vesicle from the
plasma membrane (Smaczynska-de et al. 2010). Third,
Vps1 was found to genetically and physically interact with
an amphiphysin, Rvs167; it was suggested that the interac-
tion between Vps1 with Rvs167 is necessary for vesicle
scission during endocytosis (Smaczynska-de et al. 2010;
Smaczynska-de et al. 2012). Fourth, our lab reported that
the loss of Vps1 triggers the formation of aberrant actin
cables that affects endocytic vesicle internalization motility
(Nannapaneni et al. 2010).
We have begun an analysis of Vps1 using confocal fluo-
rescence microscopy equipped with a simultaneous dual-
imaging technology in an attempt to gain insight into its role
in the post-endocytic vesicle traffic destined for the vacuole.
We for the first time provide evidence that Vps1 plays a role
in the traffic from the late endosomal compartment to the
vacuole. We also demonstrate that VPS1genetically interacts
with the genes encoding protein components of endosomal
ESCRT complexes. Together, these findings reveal a new
role for Vps1 in the endocytic traffic toward the vacuole.
2. Materials and methods
2.1 Strain construction and media
Strains expressing Ste2-GFP were constructed by introduc-
ing the plasmid pRS314STE2-GFP (Stefan and Blumer
1999) by following one-step transformation protocol (Chen
et al. 1992). The plasmid encoding DsRed-FYVE (a kind
gift from Dr. Nava Segev) was introduced to construct
strains that express DsRed-FYVE, marking endosomes.
GFP-Pep12 expressing strains were constructed by integrat-
ing pGAL-GFP construct at the 5′ end of the PEP12 coding
region by a PCR-based gene modification, as previously
described (Longtine et al. 1998). Strains expressing Vps3-
GFP, Vps8-GFP, Vps39-GFP, Vps41-GFP, Vps1-GFP and
Vps1-RFP were constructed by integrating GFP (or RFP)
construct at the 3′ end of the corresponding coding region, as
previously described (Longtine et al. 1998). Yeast strains
were grown in standard yeast peptone dextrose (YPD) me-
dium unless otherwise stated. Cells expressing DsRed-
FYVE were grown in SD-LEU media. GFP-Pep12 express-
ing cells were cultured in SD-HIS-containing raffinose-
containing media, and raffinose was replaced by galactose
to induce expression of GFP-Pep12. Double mutant cells
used in this study were generated by crossing single-gene-
deficient strains, followed by tetrad dissection.
2.2 FM4-64 labelling
Cells were incubated with 25 μM FM4-64 (Molecular
Probes Inc., Eugene, OR) on ice for 5 min and then washed
with ice-cold SD media. The cells were then incubated for
various times (up to 60 min) with SD media at 30°C prior to
microscopic analysis.
2.3 CMAC labeling of yeast vacuole membranes
CMAC staining of vacuoles was done by incubating cells for
15 min at 30°C with CellTracker Blue™ CMAC (7-amino4
chloromethylcoumarin, Molecular probes Inc.), followed by
washing with YPD media and another 30 min incubation. The
stained cells were then subjected to microscopic analysis.
2.4 Confocal fluorescence microscopy
Digital images of GFP-, RFP-, FM4-64, CMAC-labelled
cells were made with a spinning confocal system that
includes an upright Olympus IX81 microscope, a Yokogawa
CSUX1 spinning disk head, a 100X numerical aperture (NA)
1.4 Plan Apo oil objective and an electron Amplified CCD
(ImagEM, Hamamatsu). In all cases, the laser beams were
focused at the equatorial plane of the cells. Unless otherwise
stated, the temperature of the specimen and stage was main-
tained at 30°C.
2.5 Spotting yeast cells for cell growth assay
We performed spotting assays on YPD plates to quantita-
tively assess the impact of double mutations on cell growth.
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To do so, cells were diluted by a factor of 5 and grown for
2 days at 30°C and 37°C.
3. Results and Discussion
3.1 Loss of Vps1 affects trafficking in the endosome-to-
vacuole
It has been proposed that loss of function of Vps1 leads to
blocking of membrane traffic from the late Golgi to the pre-
vacuolar compartment (late endosome) (Nothwehr et al.
1995). Therefore, it appears that the Golgi resident protein
Kex2, normally shuttling between the late Golgi and endo-
somes, is first delivered to the plasma membrane in vps1
mutant cells and then to the vacuole via endocytosis. It was
proposed that the latter pathway is dependent on the presence
of intact End4 (Nothwehr et al. 1995). Recent findings with
fluorescence microscopy indeed revealed that endocytosis
occurs in vps1Δ cells, albeit incompetently (Nannapaneni
et al. 2010; Smaczynska-de et al. 2010, 2012). These find-
ings inspired us to assess Vps1’s role in the post-endocytic
vesicle traffic destined for the vacuole, using well-known
markers that follow the traffic. FM4-64 is a dye that binds to
the plasma membrane lipids and follows the endocytic inter-
nalization pathways (Vida and Emr 1995). Post-internalized
endocytic vesicles that carry FM4-64 fuse with early endo-
somes. The majority of the dye recycles back to the plasma
membrane and to the culture media in 10min, directly from the
early endosomes and/or travelling to the Golgi and secreted out
by secretory vesicles (Wiederkehr et al. 2000). The rest of the
FM4-64, from the early endosome, follows the endocytic
degradation pathway toward the vacuole (Vida and Emr
1995). Here, our pulse-chase experiments using FM4-64
revealed that the dye was found exclusively at the rim of the
vacuole in wild-type (WT) cells after a 30 min chase, while in
vps1Δ cells, the FM4-64 was mainly dissipated in the cyto-
plasm and found also as punctuate structures (figure 1A).
Our explanation for the cytoplasmic hyperaccumulation of
FM4-64 in vps1Δ cells is that at least endosome-to-vacuole
traffic is impaired, suggesting the role of Vps1 in the effi-
cient trafficking of the endocytosed membrane toward the
vacuole. Furthermore, our data indicates that recycling traf-
fics of FM4-64 is also attenuated in the vps1 mutant cells.
Yeast endosomal membranes contain PI(3)P that binds to
proteins containing FYVE finger domain (Burd and Emr
1998; Stenmark and Aasland 1999). In light of the finding
of Vps1’s implication in endocytic trafficking toward the
vacuole, we investigated whether the loss of Vps1 affects
the integrity of PI(3)P-positive endosome. To this end, we
expressed the plasmid encoding DsRed-FYVE by construct-
ing strains that express DsRed-FYVE, marking endosomes.
In WT cells (figure 1B) only a few (often one or two) endo-
somes marked with DsRed-FYVE were seen as punctuate
structures adjacent to the vacuole. However, in vps1Δ cells,
many endosomes labelled with DsRed-FYVE reporter were
seen as clustered or aggregated structures at or near the
vacuole (figure 1B). Given that the PI(3)P-positive endo-
some represents endocytic intermediate (Gillooly et al.
2000), most likely representing late endosomal compart-
ments, our PI(3)P-endosome accumulation data serves as
an another solid evidence that supports the function of
Vps1 in the traffic of endosome toward the vacuole.
Ste2 is a G-protein-coupled receptor that follows endo-
cytic traffic destined for the vacuole (Schandel and Jenness
1994). It is known that Ste2 is constitutively endocytosed at
a relatively slow rate and is degraded in the lysosome-like
vacuole in the absence of its ligand, the yeast mating pher-
omone α-factor (Hicke and Riezman 1996; Hicke et al.
1997, 1998). Based on the results obtained from experiments
using FM4-64 and the endosome marker DsRed-FYVE, we
reasoned that the endocytic trafficking of Ste2 could be
affected in vps1Δ cells. To test the possibility, we expressed
pRS314STE2-GFP plasmid (Stefan and Blumer 1999) in
yeast strains and examined the localization of Ste2-GFP.
Consistent with the data published previously (Chang et al.
2003; Stefan and Blumer 1999), WT cells were observed to
have membrane Ste2-GFP staining along with approximate-
ly two Ste2-GFP puncta (figure 1C–D) in the cytoplasm, as
well as with some vacuolar lumen staining. Ste2-GFP fluo-
rescence in vps1Δ cells, as shown in figure 1C, often led to
hazy staining of the cytoplasm, and the mutant cells
exhibited an increase in Ste2-GFP puncta number (average
of 6.9) (figure 1D). The abnormal distribution and the in-
creased puncta number of Ste2-GFP in the mutant may not
be caused by a secretory defect due to the fact that integrated
membrane proteins such as Pma1 and Snc1 are properly
targeted to the plasma membrane (Luo and Chang 2000)
(unpublished results from our Lab). Instead, our current best
explanation for the Ste2-GFP accumulation in the cytoplasm
in vps1 mutant cells (figure 1C) would be due to a defect in
the endocytic trafficking en route to the vacuole.
In addition to the Ste2-GFP localization assay in the ab-
sence of α-factor, we performed an experiment in which Ste2-
GFP endocytosis was stimulated by exposing cells to α-factor
(0.5 μM) over a 6 h period. As expected, the average number
of Ste2-GFP puncta that do not overlap with CMAC-stained
vacuole drastically increased over time in Wt cells, peaked at
2 h after α-factor treatment, with the average of 9.8 in Ste2-
GFP puncta number (figure 1D). After 3 h of α-factor treat-
ment in Wt cells, we observed a twofold reduction (~4.8) in
the average number of Ste2-GFP puncta, when compared to
that of 2 h treatment. This result suggests that, after 2 h of
incubation with α-factor, the endocytosed Ste2-GFP proteins
are destined for the vacuolar lumen, manifested by an intense
Ste2-GFP fluorescence in the vacuolar lumen in WT cells
(figure 1D). However, in the vps1Δ mutant cells, the average
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Figure 1. Loss of Vps1 results in traffic defect toward the vacuole. (A) Cytoplasmic accumulation FM4-64. WT (KKY 343) and vps1Δ
(KKY 352) cells were incubated with 12 μL of 1 mM FM4-64 for 5 min and chased for 30 min at 30°C. The rim of the vacuole stained with
FM4-64 in a WT cell is indicated by arrows. vps1Δ cells show cytoplasmic haze and punctate structures of FM4-64 (arrowheads). (B)
Accumulation of endosomes. WT (KKY 002) cells expressing DsRed-FYVE were visualized using an Olympus IX81 inverted spinning
confocal microscope equipped with ImagEM camera. WT cells show clear puncta in the cytoplasm marking the endosomes, whereas vps1Δ
cells expressing DsRed-FYVE show an accumulation of endosomal compartments. (C) Ste2-GFP accumulation. Ste2-GFP-expressing cells
were stained with CMAC. In WT cells, one or two small Ste2-GFP patches that do not overlap with CMAC are often observed. In addition
to forming a dense cytoplasmic haze, Ste2-GFP appeared as punctate structure in vps1Δ cells. White arrows indicate vacuoles, while
arrowheads highlight Ste2-GFP carrying endosomes. (D) Ste2-GFP in the presence of α-factor. Over 6 h of period with α-factor, the average
number of Ste2-GFP puncta in WT and vps1Δ cells was determined.
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number (~6) of Ste2-GFP puncta at 2 h of incubation did not
essentially change when compared to that at time 0 (6.9).
After 2 h with α-factor, it appeared that the Ste2-GFP puncta
number decreased in the mutant cells, albeit not significant-
ly. Our explanation for no significant change in Ste2-GFP
puncta number during the entire timecourse in the mutant
cells would be that loss of Vps1 may lead both to an
inefficient internalization of Ste2 via receptor-mediated en-
docytosis during the first 2 h and to a significantly slow
traffic of Ste2 toward the vacuole for its degradation.
Together, our assessment regarding the role of Vps1 in
post-endocytic traffic reinforces our proposed role of Vps1 in
the proper trafficking of endocytosed materials to the vacuole,
which might have been overlooked over the years. Therefore,
it is most likely that the delivery of the endocytosed molecules
including Ste2 and Golgi resident proteins (Kex2 and Vps10)
in cells deficient of Vps1 is severely affected, due to an
extremely inefficient traffic bound for the vacuole.
3.2 Traffic from late endosome to the vacuole is impaired
in vps1 mutant cells
Once extracellular material has been internalized by endo-
cytosis, it moves through two membrane-bound compart-
ments, characterized as early and late endosomes (Munn
2000; Singer-Kruger et al. 1993; Singer and Riezman
1990). The contents from the late endosome are then trans-
ferred to the vacuole and degraded (Munn 2000; Singer-
Kruger et al. 1993; Singer and Riezman 1990). Transport
between endosomes and the vacuole requires many compo-
nents such as Rab-family GTPases, v-SNAREs and
t-SNAREs (Munn 2000). To determine whether Vps1 is
required for the traffic toward the late endosome or the traffic
from the late endosome to the vacuole, cells were made to
express GFP-Pep12 and subjected to a FM4-64 chase exper-
iment. Pep12 is a syntaxin-like t-SNARE that is found to be
located primarily at the late endosome or pre-vacuole com-
partment (PVC), distinct from the Golgi and vacuolar com-
partments (Becherer et al. 1996). After 10 min chase, the
FM4-64 dye both in WT and vps1Δ cells was seen to coloc-
alize with GFP-Pep12, indicating that the FM4-64 has made
it to the late endosome/PVC compartment (figure 2A). Note-
worthy, we observed that vps1Δ cells exhibited many more
GFP-Pep12 puncta than WT cells did and higher GFP-Pep12
fluorescence intensity puncta, suggesting higher accumulation
of Pep12 (figure 2A). Although vps1 mutant cells slow down
the pinch-off process to form a membrane-bound endosome,
as has been shown by our group and others (Nannapaneni
et al. 2010; Smaczynska-de et al. 2010; Smaczynska-de
et al. 2012), based on our result here we can conclude that
traffic toward the late endosome can be completed within
10 min in vps1Δ cells. Thus, it is likely that the earlier
endocytic invagination/internalization defect in vps1Δ cells
yields negligible impact on the accumulation of endocytic
intermediates (figure 1). By 60 minute, wild-type cells
showed a vacuole ring stained with FM4-64, whereas in
vps1Δ cells exhibited no vacuole ring stained with FM4-
64. Instead, the FM4-64 dye was mainly colocalized with
GFP-Pep12 in the mutant cells, indicating that the FM4-64
dye is not being properly trafficked to the vacuole, from the
late endosome/PVC (figure 2B). Overall, our results suggest
that Vps1’s role for the proper trafficking from the late
endosome/PVC to the vacuole is more important than its
role for the traffic toward the late endosome.
3.3 Vps1 is localized to late endosomal compartments
Given that subcellular localization of a protein is closely
correlated with its biological functions, we examined whether
or not Vps1 is localized to endosomal compartments. To assess
whether Vps1 is at the early or later endosomal systems, cells
expressing Vps1-GFPwere pulsed with FM4-64 for 10min on
ice and chased for up to 20 min at 30°C. Our results revealed
that after 1 min chase, Vps1-GFP showed very little colocal-
ization (less than 5%) with FM4-64 (figure 3A–B). By 5 min,
about 22% of FM4-64 puncta showed colocalization with
Vps1-GFP patches. The extent of colocalization between
them reached 50% after 20 min chase (figure 3A–B). Since
FM4-64 transit to late endosomal compartments can be done
in 10 min as shown earlier (figure 2A), higher extent of
colocalization between Vps1-GFP and FM4-64, after 20 min
chase, indicates that Vps1-carrying vesicles are among the
population of late endosomal/PVC compartments. DsRed-
FYVE has been found to specifically bind to PI(3)P-enriched
endosomal membranes (Burd and Emr 1998). Importantly,
Gillooly et al. (2000) showed that DsRed-FYVE in yeast is
localized by electron microscopy to internal vesicles near
and evidently within the vacuole, thus representing bona fide
late endosomes. Accordingly, we examined the possible
colocalization of Vps1-GFP with DsRed-FYVE. When
marked with DsRed-FYVE, endosomes appear as punc-
tuate structures, near the vacuole (figure 3C). When
Vps1-GFP was expressed in cells harbouring DsRed-FYVE,
cytoplasmic Vps1-GFP puncta were seen to colocalize with
DsRed-FYVE (figure 3C), confirming that Vps1 is present
among the late endosomal system. Finally, we checked
whether Vps1-RFP colocalizes with GFP-Pep12, a late endo-
some marker. As shown, higher levels of colocalization of
Vps1-RFP with GFP-Pep12 (figure 3D) further support that
the primary localization of Vps1 is at the late endosome/PVC.
3.4 Functional interaction between Vps1 and ESCRT complex
Ste2 is a surface receptor that is endocytosed in a ubiquitin-
dependent manner (Hicke and Riezman 1996). The
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ubiquitinated Ste2 proteins are then delivered to the late
endosome/multivesicular body (MVB) compartment in
which they are sorted for delivery to the intralumenal
vesicles (ILV) for final degradation in the vacuole (Stefan
and Blumer 1999). Based on the result that Ste2-cargo sort-
ing on endosomal membrane require the activity of ESCRT
(endosomal sorting complex required for transport) (Morvan
et al. 2012), we reasoned that the slow Ste2-GFP traffic
toward the vacuole in Vps1-deficient cells was probably
due to a disruption of ESCRT integrity. Our approach to
define the functional relationship between Vps1 and subunits
of ESCRT was producing combination mutants in two genes
to observe genetic interactions. Mutations of two non-
essential genes could lead a lethal phenotype, known as
synthetic lethality interaction (SLI). SLI suggests the genes
or their products are required for redundant biological pro-
cesses or function in parallel pathways (Tucker and Fields
2003), without any requirement that proteins must directly
interact. In order to find potential ESCRT genes that interacts
with VPS1, we generated 1 haploid mutant of ESCRT 0
(vps27Δ), 3 haploid mutants of ESCRT I (vps28Δ, vps23Δ
and vps37Δ), 3 haploid mutants of ESCRT II (vps36Δ,
vps25Δ and vps22Δ), and 3 mutants of ESCRT III (vps24Δ,
vps32Δ and vps2Δ). All single-knockout mutants of ESCRT
and Vps1 were viable, as expected, both at 30°C and 37°C,
but vps28Δ, vps25Δ and vps22Δ cells exhibited slow
growth in a growth assay (figure 4A). Next, each ESCRT
haploid mutant was crossed with vps1Δ to produce a hetero-
zygous diploid, which was then subjected to sporulation and
tetrad dissection. It was observed that all double mutant cells
grow slowly except only three double mutants
(vps1Δvps27Δ, vps1Δvps24Δ and vps1Δvps2Δ) that
showed normal growth at 30°C. Strikingly, 7 double mutants
( vp s1Δ vp s28Δ , vp s1Δ vp s23Δ , vp s1Δ vp s37Δ ,
vps1Δvps36Δ , vps1Δvps25Δ , vps1Δvps22Δ and
vps1Δvps24Δ) were inviable at 37°C (figure 4B). Therefore,
our results indicate the functional interaction between Vps1
and the ESCRT complex, in particular, ESCRT I (Vps28,
Vps23 and Vps37), ESCRT II (Vps36, Vps25 and Vps22),
and ESCRT III (Vps24).
3.5 Vps1 affects the localization of subunits of HOPS
and CORVET tethering complexes
Endosomal transport occurs from the maturation of early endo-
somes into late endosomes and, in particular, late endosomes
form intralumenal vesicles and the resulting multivesicular
bodies (MVBs) fuse with the vacuole to release their cargo
(Spang 2009). The fusion event at the vacuole is first medi-
ated by the vacuolar HOPS (homotypic fusion and vacuole
protein sorting) tethering complex (Nickerson et al. 2009;
Figure 2. Vps1 functions in the late endosome to vacuole transport. (A) Subcellular localization of FM4-64, after 10 min chase. WT cells
expressing GFP-Pep12 (KKY 334) were incubated with 12 µL of 1 mM FM4-64 and chased for 10 min at 30°C. Arrows show
colocalization between GFP-Pep12 and FM4-64 at 10 min in WT cells (upper panels). vps1Δ cells expressing GFP-Pep12 (KKY 335)
also show colocalization between FM4-64 and GFP-Pep12 (arrows, lower panels). (B) Subcellular localization of FM4-64, after 60 min
chase. In WT cells, FM4-64 was visualized at the rim of vacuole and a few FM4-64 puncta colocalized with GFP-Pep12 (arrows, upper
panels), showing proper transport of FM4-64 dye to the vacuole. However, in vps1Δ there appears to be no vacuolar staining; FM4-64
instead colocalizes with the GFP-Pep12 puncta (arrows, bottom panels).
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Figure 4. Genetic interactions between vps1 mutant and ESCRT mutants. (A) Growth assay using single-knockout strains. Heterozygous
diploids were generated by crossing vps1Δ cells with single ESCRT gene knockout strains. After dissecting tetrads from the heterozygous
diploids, each single knockout strain was grown at 30°C and 37°C by spotting fivefold diluted cultures onto YPD plates. (B) Growth assay
using double-knockout strains. The indicated haploid double-knockout strains were grown in the same way as described above.
Figure 3. Vps1 is mainly colocalized to late endosomes. (A) Colocalization between Vps1-GFP and pulse-chased FM4-64. Arrowheads
indicate colocalization between FM4-64 and Vps1-GFP. (B) The extent of colocalization of FM4-64 with Vps1-GFP. The extent of
colocalization between FM4-64 and Vps1-GFP increased over the 20 min FM4-64 chase, indicating that Vps1 is primarily located at the
late endosome/PVC. (C) Vps1-GFP colocalizes with DsRed-FYVE, an endosomal marker. The arrowheads show points of colocalization
between DsRed and Vps1-GFP. (D) Colocalization of Vps1-RFP with GFP-Pep12.
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Ostrowicz et al. 2008). The HOPS complex consists of four
class C core proteins, Vps11, Vps16, Vps18 and Vps33, along
with two additional subunits, Vps39 and Vps41 (Brett et al.
2008; Price et al. 2000; Wurmser et al. 2000). The endo-
somal tethering complex, CORVET (class C core vacuole/
endosome tethering), functions between the early and late
endosome/PVC and shares the same class C core proteins as
the HOPS complex and two specific subunits, Vps3 and
Vps8 (Peplowska et al. 2007). Based on the observations
of the accumulation of FM4-64 in late endosomes/PVC upon
the deletion of VPS1, we tested the possibility that the
localization of HOPS subunits may be disturbed in vps1Δ
cells. Consistent with the results of Cabrera et al (2010), our
results showed that HOPS subunits, Vps39- and Vps41-
GFP, are localized to the vacuole (figure 5A) and vacuole-
associated patch-like structure (possibly late endosomes/
PVC) in wild-type cells. However, in vps1Δ cells Vps39-
GFP, but not Vps41-GFP, was dispersed in the cytoplasm
(~80% of vps1 mutant cells), with increased cytoplasmic
GFP intensity (figure 5A). Given that those vacuolar proteins
play a critical role in the tethering steps of endosome–vacu-
ole fusion (Cabrera et al. 2010; Wurmser et al. 2000), our
results suggest the possibility that Vps1 functions in proper
recruitment of Vps39, a HOPS subunit, to the vacuolar
membrane. Upon the observation of Vps39 mislocalization,
we asked whether loss of Vps1 affects the integrity of
CORVET tethering complex at late endosomal compart-
ments. We speculate that this would be the case since an
earlier study showed that Golgi-to-late endosome transport is
blocked in vps1 mutant cells (Nothwehr et al. 1995). As
stated earlier, in the endosomal tethering complex CORVET,
Vps39 and Vps41 are replaced by the homologous proteins
Vps3 and Vps8 (Markgraf et al. 2009), and this interconver-
sion between subunits occurs during endosome–vacuole
transition (Peplowska et al. 2007). To investigate whether
loss of Vps1 affects the recruitment of Vps3 and Vps8 to endo-
somal compartments, we examined the localization of Vps3- and
Vps8-GFP. As shown in figure 5B, in vps1Δ cells, the GFP-
fusion proteins were more dispersed with an increased cyto-
plasmic staining. Together, our results suggest that Vps1
may play a role in the recruitment of protein subunits that
are essential for the CORVET and HOPS complexes.
In our present study, several lines of evidence point to a
hitherto unrecognized function of Vps1 in endocytic traffic
toward the vacuole, in particular trafficking from the late
endosome to the vacuole. Traditionally, VPS1 has been
classified into the class F VPS gene (Raymond et al. 1992),
and vps1 mutant cells contain a large central vacuole sur-
rounded by a number of fragmented vacuoles. Interestingly,
according to our result here, the aberrant phenotype of
vps1Δ cells exhibiting the accumulation of PI(3)P-positive
endosomes near the vacuole is very reminiscent of that of
vps class E mutant cells. More importantly, most of previ-
ously characterized 13 class E VPS genes (Vps2, 4, 20, 22,
23, 24, 25, 27, 28, 31, 32, 36 and 37) that encode proteins
forming ESCRT complex (0, I, II and III) show synthetic
lethality interaction with VPS1. These results support a mod-
el wherein Vps1, predominantly present on late endosomes
(figures 3 and 6), may function together or redundantly with
ESCRT complex in protein sorting and targeting at late
endosomes (figures 4 and 6). We further concluded that
Vps1 is required for proper recruitment of the tethering
factor Vps39 on the vacuole (figures 5 and 6), which facil-
itates tethering and the subsequent fusion events. Our model
emphasizing the role of Vps1 on late endosome-to-vacuole
traffic does not necessarily contradict previous findings that
in cells devoid of Vps1 the mistargeted Golgi resident pro-
teins, Kex2 and Vps10, to the plasma membrane are trans-
ported to the vacuole by passing through late endosome. It is
because of the ability of cells to undergo the delivery of the
Figure 5. Altered localization of subunits of CORVET and HOPS tethering complexes in vps1Δ mutant cells. The indicated genes were
tagged with GFP sequences as described in the Material and methods section. (A) Localization of GFP-tagged Vps39 and Vps41, subunits
of the HOPS complex in the indicated strains. We found no defect in Vps41-GFP localization in both WT and vps1Δ cells, whereas the
majority (~80%) of vps1Δ cells exhibited no clear vacuolar labelling of Vps39-GFP. (B) Localization of Vps3- and Vps8-GFP. Both GFP-
tagged subunits of CORVET complex are mislocalized to the cytoplasm in vps1Δ mutant cells. 61% and 78% of Vps3-GFP and Vps8-GFP
expressing vps1Δ cells, respectively, exhibited a diffuse cytoplasmic fluorescence.
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Golgi protein toward the vacuole via endocytic traffic, albeit
very inefficiently, in the absence of Vps1. Vps1’s subcellular
localization studies, including ours here, found that Vps1 is
present and function at multiple locations such as endocytic
sites (Smaczynska-de et al. 2010; Yu and Cai 2004), late
endosome, vacuole (Peters et al. 2004) as well as peroxi-
some (Hoepfner et al. 2001; Vizeacoumar et al. 2006).
Unlike mammalian dynamin, Vps1 lacks a pleckstrin homol-
ogy domain (PHD) that binds phosphatidylinositol lipids with-
in biological membrane (Wang and Shaw 1995).
Nevertheless, it was found that Vps1is able to interact and
tubulate liposomes in vitro (Smaczynska-de et al. 2010),
supporting its appropriate recruitment and in vivo function
of Vps1, namely membrane scission. Beside its membrane
binding ability, Vps1 can be bound by Pex19, a peroxin
involved in peroxisome partitioning (Otzen et al. 2012),
for its physical association with peroxisomal membrane
(Vizeacoumar et al. 2006). For its vacuolar targeting and
function, Vps1 was found to physically interact with the
syntaxin-like vacuolar t-SNARE, Vam3 (Peters et al.
2004). Likewise, it is likely that a single or multiple protein
factors on endosomal membrane might be involved in the
Figure 6. Model of Vps1 function in the transport from late endosome to the vacuole. Golgi body and vacuole are represented by the
letters G and V, respectively, whereas the plasma membrane and late endosomes by PM and LE, respectively. The thick arrows represent
pathways that occur properly, whereas the thin and dashed arrows represent pathways that do not occur in an efficient manner. In WT cells,
Vps1 does perform multi-functions: (1) for carboxypeptidase Y (CPY) traffic from the late Golgi to late endosomes, (2) for the retrieval
process of Vps10 and Kex2, (3) for efficient endocytosis and (4) the last endocytic traffic from late endosome to the vacuole. As shown, in
WT cells, only the α-factor receptor Ste2 is endocytosed to be transported to the vacuole, by passing late endosomal compartments that are
associated with Vps1. In the absence of Vps1 (B), CPY is secreted out and the two Golgi resident proteins, Kex2 and Vps10, are diverted to
PM and then delivered to the late endosome and to the vacuole (Nothwehr et al. 1995). However, endocytic degradation traffics, late
endosome-to-vacuole traffic, are significantly impaired in vps1Δ cells, resulting in accumulation of late endosomal compartments. The
phenotype could be caused by mislocalization of Vps39, a subunit of HOPS complex in the mutant. Additionally, our model suggests the
disruption of CORVET complex (Vps3 and Vps8) at the late endosome in the mutant.
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recruitment of Vps1, and this aspect remains to be explored.
Due to the fact that self-assembly of Vps1is required for
liposome tubulation in vitro (Smaczynska-de et al. 2010),
we speculate that Vps1, as has been the case for classical
dynamins, undergoes self-assembly following its recruitment
on endosomal membrane by a yet unknown mechanism.
Regardless of its subcellular location, it is thought that
Vps1may perform similar function, namely membrane scis-
sion. It has been widely accepted that the traffic from late
endosome to the vacuole (lysosome) is carried out by a direct
fusion between them (Odorizzi et al. 1998; Piper and Luzio
2001), not by vesicular traffic that requires vesicle scission.
Prior to the late endosome–vacuole fusion event, a portion of
late endosome invaginates and buds into its own lumen to
from intralumenal vesicle (ILV), being a part of multivesic-
ular body (MVB). In light of finding that Vps1 may function
together with ESCRT complex at late endosome, more spe-
cifically, we propose the possibility that Vps1 plays a role in
MVB biogenesis, being a part of the machinery that controls
inward budding of ILV. The rationale for the proposed
function of Vps1 function is that Vps1 is a functionally
conserved dynamin homolog capable of altering membrane
morphology. In addition, we favor the proposed Vps1 role,
based on the synthetic lethality interaction (SLI) between
VPS1 and genes for ESCRT subunits. Nevertheless, it is
unclear at the moment how it contributes to the formation
of internal vesicle in relation to ESCRT complex.
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